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Abstract: An integrated Finite Element Method (FEM) model is proposed to investigate the dynamic 10 
seabed response for several specific pipeline layouts and to simulate the pipeline stability under 11 
waves loading. In the present model, the Reynolds-Averaged Navier-Stokes (RANS) equations are 12 
used to describe the wave motion in a fluid domain, while the seabed domain is described using the 13 
Biot’s poro-elastic theory. The interface between water and air is tracked by conservative Level Set 14 
method (LSM). The FEM and backward differentiation formula (BDF) are applied for spatial and 15 
temporal discretization respectively in the present model. One-way coupling is used to integrate flow 16 
and seabed models. The present model is firstly validated using several available laboratory 17 
experiments. It is then further extended to practical engineering applications, including the dynamic 18 
seabed response for the pipeline mounted on a flat seabed or inside a trench. The results show that 19 
the pipeline buried to a certain depth is better protected than that under partially buried in terms of 20 
transient liquefaction. 21 
 22 
Key words: Finite element method; dynamic seabed response; pipeline; transient liquefaction 23 
1. Introduction 24 
Knowledge and understanding of wave-induced soil response is of particular importance to the 25 
design of offshore pipeline installation and has attracted considerable attentions among coastal and 26 
geotechnical engineers. The motivation of this increasing study is partly due to the damage of marine 27 
structures caused by wave-induced instability (Sumer and Fredsøe, 2002; Sumer, 2014) instead of 28 
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construction or material breakdown. When the wave trough is propagating over the submarine 29 
pipeline laid on a porous seabed, the excess pore pressure increases and the effective stress within 30 
seabed soil decreases accordingly. As a result of this marine process, the seabed soil under the action 31 
of wave troughs will be transiently liquefied, exposing the submarine pipeline to the risky 32 
liquefaction zone (Sumer, 2014). Therefore, accurate evaluation of the wave-induced mechanical soil 33 
response is particularly important for the protection design of submarine pipeline. 34 
 35 
Due to its practical importance and potential engineering applications, extensive studies on the 36 
wave-induced seabed response have been carried out since the 1970s. Sleath (1970) proposed an 37 
analytical solution, with assumptions of a rigid and permeable sandy seabed and incompressible pore 38 
fluid, to compare with his laboratory experiments on wave-induced soil response in two different 39 
beds of sand. In his experiments, phase lags between the pore water pressures and dynamic wave 40 
pressures were observed, but the analytical solution cannot predict the phase lags (Sleath, 1970). 41 
Madsen (1974) analysed the stability of a sand bed induced by the effect of breaking waves. The 42 
Biot’s model (Biot, 1941) has been used to develop a close-form analytical solution for the 43 
wave-induced soil response (Yamamoto et al., 1978; Madsen, 1978). Mei and Foda (1981) then 44 
examined wave-induced soil response through a boundary-layer approximation for both the coarse 45 
and fine sand, based on the continuum theory. Hsu and Jeng (1994) proposed a closed-form 46 
analytical solution for the wave-induced soil response in a finite thickness seabed and concluded that 47 
their solution under two-dimensional (2D) progressive wave had a good agreement with the 48 
Yamamoto (1977)’s semi-analytical solution. According to the derivation of governing equations by 49 
Mei (1989), Yuhi and Ishida (1998) directly solved the boundary value problem of an infinite 50 
thickness seabed instead of the boundary layer approximation. Since then several analytical solutions 51 
for investigating the linear wave-induced soil response to a poro-elastic, isotropic seabed have been 52 
developed (Jeng et al., 1999; Jeng and Rahman, 2000; Jeng and Cha, 2003; Jeng, 2013; Liao et al., 53 
2013). Recently, Ulker et al. (2009) further investigated the applicability of different approximations, 54 
including fully dynamic (FD), partly dynamic (PD), and quasi-static (QS) soil models. Zhou et al. 55 
(2011b) applied the Fourier transformation and transmission and reflection matrices method to 56 
investigate wave-induced seabed response within a multi-layered seabed. The aforementioned 57 
investigations were based on the assumptions that the surface seabed is flat and wave pressure is 58 
extracted from analytical solution. Nevertheless, these assumptions may not be suitable for 59 
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engineering application. More studies on the wave-seabed interactions can be found in Jeng (2003). 60 
With the rapid development of computational techniques and computing resources, numerical 61 
simulation on wave-seabed-structure interaction has been attracted more attentions of researchers. 62 
Comparing with scaled-affected laboratory experiments (Guo et al., 2014), numerical simulations 63 
will allow researchers to simulate large-scale and realistic model and to couple soil model with fluid 64 
model. Cheng and Liu (1986) solved numerically the Biot’s model using a Boundary Integral 65 
Equation Method considering the impact of uplift seepage force on a buried pipeline. In their study, 66 
the pipeline was considered to be buried in a rectangular trench layer with impermeable walls. Jeng 67 
and Cheng (2000) applied a Finite Difference Method to investigate wave-induced soil response 68 
around a buried pipeline. The wave-induced seabed response in the proximity of a composite 69 
breakwater exposed to a linear wave was investigated by Jeng et al. (2001) using a 2D generalized 70 
FEM numerical model (GFEM-WSSI (Wave-structure-soil-interactions)), based on the principle of 71 
repeatability. More recently, Zhou et al. (2013, 2014) analysed wave-induced seabed dynamic 72 
response in the neighbourhood of a buried pipeline in a multi-layered seabed and an anisotropic 73 
seabed, where the wave pressure acting on the seabed is calculated by analytical wave solution. 74 
Consequently, these models may not be able to predict the seabed response around pipeline when a 75 
wave is propagating over a pipeline which is partially buried or mounted on a seabed. Thus, it is 76 
required to develop a fully integrated wave-structure-soil-interaction (WSSI) model to predict the 77 
stability of a submarine pipeline. 78 
 79 
For coupling soil model and wave model, Mizutani and Mostafa (1998) and Mostafa et al. (1999) 80 
combined Boundary Element Method (BEM) and FEM to develop an integrated model for the 81 
investigation of WSSI. This BEM-FEM model employs the Poisson’s equation and the poro-elastic 82 
Biot’s consolidation equations to the irrotational wave field of an incompressible, inviscid fluid and 83 
the porous seabed, respectively. Recently, Jeng and his research group (Jeng et al., 2013;Ye and Jeng, 84 
2011; Ye et al., 2013) proposed an integrated WSSI model based on FVM-FEM, in which the wave 85 
field was described by the Reynolds-Averaged Navier-Stokes (RANS) equations and Volume of 86 
Fluid (VOF), while the dynamic Biot’s equations were adopted to describe the mechanical behaviour 87 
of a porous seabed. They analysed the mechanism of wave-induced pore water pressure around the 88 
composite breakwater and predicted the potential liquefaction in seabed foundation. Dominant 89 
factors, such as permeability, saturation of seabed, and wave height, were important for evaluating 90 
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the wave-induced liquefactions around seabed foundation. 91 
 92 
In addition to theoretical investigations, some laboratory experiments were conducted to investigate 93 
wave-induced seabed response and the stability of offshore pipelines. Sumer and Fredsøe (1991) 94 
examined the mechanism of scour in the proximity of the pipeline mounted on a bed. Sumer et al. 95 
(2001) further extended the physical experiments to investigate self-buried pipeline. Their 96 
experiments demonstrated that the onset of scour below the pipeline was caused by two primary 97 
factors, namely the excessive seepage flow and the resulting piping. A series of large-scale laboratory 98 
experiments on wave-induced residual pore pressure has been carried out by Pan et al. (2007). Zhou 99 
et al. (2011a) performed laboratory experiments to investigate the seabed response surrounding a 100 
marine pipeline with regard to the combined effects of wave and current. Recently, Yang et al. (2012a, 101 
b; 2014) conducted laboratory experiments to investigate the protection of marine pipelines. Instead 102 
of attaching a rigid spoiler on the top of a pipeline to speed up the so-called self-bury, they placed a 103 
rubber plate underneath the pipeline. They found that there existed a critical length of rubber plate. 104 
Over this critical length the scour around the pipeline was significantly reduced and the pipeline was 105 
protected; while if the rubber plate is shorter than this critical length, scour around pipeline was 106 
significantly enhanced, thus self-bury was greatly speeded up. 107 
 108 
Though these studies have demonstrated some features of wave-induced soil response; majority of 109 
these investigations have only examined the wave-induced response with wave obtained by 110 
analytical solutions in the neighbourhood of pipeline. Uncoupled or one-way coupling approaches 111 
may not fully capture the real mechanism behind this marine process (Jeng, 2013; Jeng et al., 2013). 112 
Therefore, it is important to develop an integrated model to properly and accurately predict 113 
wave-induced soil response to the installation of a partially or fully buried pipeline in a porous 114 
seabed.  115 
 116 
Motivated by this demanding, the aim of this paper is to propose a monolithically integrated FEM 117 
model to investigate the transient stability of pipeline located on an isotropic seabed or inside a 118 
trench in the context of water wave propagating above. To improve the applicability of the model to 119 
capture the mechanism of WSSI, a new integrated FEM model will be proposed within the 120 
environment of COMOSL Multiphysics. The RANS equations are applied to describe the flow 121 
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motion, whereas the interface between water and air is traced by conservative Level Set Method 122 
(LSM) (Olsson and Kreiss, 2005; Olsson et al., 2007) . The mechanical response of a porous seabed 123 
is described by the quasi-state Biot’s equations. In present model, the integration process is one-way 124 
coupling, indicating that only excessive wave pressure is exerted on seabed surface. The 125 
wave-induced flow field surrounding pipeline is also simulated. The proposed model was firstly 126 
validated by comparing with several available experimental results. The validated model is then 127 
applied to run parametric studies to investigate wave-induced seabed response and the corresponding 128 
potential liquefaction zone around marine pipelines. 129 
 130 
2. Numerical model  131 
The present integrated FEM WSSI model consists of two components, namely two-phase wave 132 
model and QS model. One-way coupling algorithm will be adopted in this study, which denotes that 133 
only dynamic wave pressures act on the seabed surface. The wave-induced soil response, including 134 
pressures, soil displacements and effective stresses, is described by QS model. 135 
 136 
2.1 Wave model 137 
The governing equations for describing the two-phase incompressible fluid motion are the RANS 138 
equations (Ignat et al. (2000):  139 
     (1) 
 
  
  
                              
   
 
 
           (2) 
where   is the averaged velocity field;   is the fluid density;   is the time;   is the fluid pressure; 140 
  is the dynamic fluid viscosity;        
    is the eddy viscosity or turbulent viscosity (the 141 
coefficient Cμ = 0.09);   is the identity matrix;   is the turbulent kinetic energy;   is the turbulent 142 
kinetic energy dissipation rate;   is the gravity acceleration;    is the source term which can be 143 
demonstrated as either wave generation source term (   
  
and    
  
) in the wave generation zone 144 
or the wave damping term (   
   and    
  ) in the wave damping zone shown in Fig. 1 (Choi and 45 
Yoon, 2009; Ha et al., 2013)  146 
   
                   
  
 
             (3) 
   
              
    
 
             (4) 
 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 
6 
 
where   and   are the coordinates;    
  
 and    
  
 are the source terms in the x and y 147 
directions, respectively. The other variables are:  148 
  
  
  
 
  
   
                      (5) 
   
           
   
       
                 
 (6) 
in which angular frequency , wave number   , wave direction   , water depth   , and wave 149 
amplitude   are required to generate a prescribed wave train according to the water wave theory. 150 
    +1/3 and                
      with           
 , in which    is the wave 151 
length and   is a parameter that denotes the width of internal wave generation domain.  152 
 153 
Wei and Kirby (1995) proposed to use wave damping source function to represent ST:  154 
   
          (7) 
   
          (8) 
     
     
    
  
 
  
   
        
                  
(9) 
where    
   and    
   are the source terms in the x and y direction, respectively, and applied in 155 
the wave damping zone,    and    are the velocity in x and y direction respectively,    is the 156 
coordinate of the start location in sponge layer;     is the length of sponge layer;    and    are the 157 
empirical coefficients determined by numerical test. The study of Lin and Liu (2004) suggested 158 
that    could be taken as 200 and    =10 and the width of wave damping region was usually 159 
adjusted to two or three times of the wave length. 60 
 161 
The turbulence model adopted in this study is the standard k-  turbulence model (Wilcox, 1998).  162 
 
  
  
               
  
  
           (10) 
 
  
  
               
  
  
        
 
 
       
  
 
 (11) 
                 
    (12) 
where the constant coefficients are taken as (Wilcox 1998)   =1.0,   =1.3,    =1.44,    =1.92. 163 
The standard wall function boundary condition is specified on the surface of both the pipeline and 164 
seabed in the simulation.  165 
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 166 
The interface between water and air is determined by conservative LSM (Olsson and Kreiss, 2005; 167 
Olsson et al., 2007):  168 
  
  
                        
  
    
  (13) 
where   is the level set function;   is the re-initialization parameter and its default value is 1 m/s; 169 
    is the parameter controlling interface thickness.  170 
 171 
2.2 Seabed model  172 
 As indicated by Madsen (1978), the Biot’s equation (Biot, 1956) was in general acceptable to 173 
govern the behaviour of the compressible pore fluid flowing within a compressible porous medium. 174 
Therefore, the quasi-static Biot’s equation (Biot, 1941) is employed in this study to describe the 175 
mechanical behaviour of a hydraulically isotropic porous seabed:  176 
     
      
 
   
  
 
  
 
 
  
 
   
  
 
   
  
  (14) 
where    is wave-induced oscillatory pore pressure;   is the permeability in different directions 177 
and is taken as the same value in all directions in this study;    is the soil porosity;    is the unit of 178 
pore water;    and    are respectively the soil displacements in x and y direction; the 179 
compressibility of pore fluid    can be described as :  180 
   
 
  
 
    
   
 (15) 
where    is the true modulus of elasticity of water (taken as 2x10
9
N/m
2
, Yamamoto et al. 1978), 181 
    is the absolute water pressure;    is the degree of soil saturation. 182 
 183 
The governing equations describing the force equilibrium in a porous poro-elastic soil are:  184 
      
 
     
 
  
 
   
  
 
   
  
  
   
  
 (16) 
      
 
     
 
  
 
   
  
 
   
  
  
   
  
 (17) 
where   is the shear modulus of soil and is related to Young’s modulus ( ) as well as Poisson’s 185 
ratio (  ), which is 186 
  
 
       
 (18) 
The relationship between soil displacement and effective stress in terms of the generalized Hooke’s 187 
law can be denoted as 188 
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   (19) 
   
     
   
  
 
  
     
 
   
  
 
   
  
   (20) 
      
   
  
 
   
  
  (21) 
where    
  and    
  are the effective normal stresses in the horizontal and vertical direction 189 
respectively;     is the shear stress. 190 
 191 
To obtain the pore pressure    and soil displacement (   and  ), several appropriate boundary 192 
conditions in the seabed domain are required to specify. At the surface of seabed, where      , 193 
the vertical effective normal stress and shear stress dissipate and correspondingly are set to zero, 194 
while the pore pressure is equivalent to the dynamic wave pressure computed from the wave model.  195 
       ,    
                   (22) 
where   is the wave pressure on the seabed surface obtained from the wave model,    is the 196 
hydrostatic water pressure. 197 
 198 
The bottom of seabed domain (          ,    = soil depth) is an impermeable rigid bottom, 199 
indicating that zero displacements and no vertical flow take place there:  200 
   
  
                           (23) 
In general, the flow of pore water at two lateral boundaries do not vanish as well as horizontal and 201 
vertical displacement. Ye and Jeng (2012) recommended using a large computational domain with 202 
fixing two lateral boundaries in the horizontal direction instead of applying the periodic boundary 203 
condition. Thus, for the lateral boundary conditions, both sides of seabed domain are considered to 204 
be impermeable (Zhou et al., 2013) and thus, it is assumed that there is no horizontal displacement 205 
and there is no flow in horizontal direction:  206 
   
  
                            (24) 
where    and    are the horizontal coordinates at the beginning and the end in the soil domain, 207 
respectively. As reported in Ye and Jeng (2012), the influence of lateral boundary conditions vanishes 208 
when the simulated soil domain is longer than double wavelengths. In this study, a soil domain with 209 
triple wavelengths is adopted to the soil domain concerning to eliminate the impact of lateral 210 
boundary conditions. 211 
 212 
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The assumption that a pipeline is rigid is adopted by the majority of previous studies on 213 
wave-seabed-pipeline interaction (Cheng and Liu, 1986; Magda, 1997). However, in this study, the 214 
boundary condition of pipeline is assumed to be a rigid impermeable material and no fluid flows 215 
through the pipeline surface, then the oscillatory pore pressure gradient on the surface of pipeline 216 
vanishes:  217 
   
  
   (25) 
where   is normal to the surface of pipeline. 218 
 219 
2.3 WSSI integration process 220 
The integration process of the present integrated WSSI model is carried out in COMSOL 221 
Multiphysics. The monolithic solver (fully coupled solver) in COMSOL, which solves for all 222 
variables simultaneously and is more robust, integrates all the aforementioned governing equations 223 
(e.g. wave model and soil model) into a large stiffness matrix. The matching mesh on the jointly used 224 
boundaries between wave model and seabed model is adopted, which implies that the surface of 225 
seabed model shares the same mesh node as that on the bottom boundary of wave model. No 226 
additional interpolation algorithm is required to exchange data for both models.  227 
 228 
3. Validation 229 
The integrated WSSI model is firstly validated using the available experimental data in published 230 
literatures. The numerical set-up is shown in Fig.1. The characteristic parameters of laboratory 231 
experiments are listed in Table 1. 232 
 233 
3.1. Wave model 234 
The wave model without coupling soil model in COMSOL is firstly verified against analytical 235 
solution as well as the wave generation model using Finite Volume Method (FVM) in OpenFOAM 236 
(Jacobsen et al., 2012). The wave is regularly progressive wave with wave height (H) being 0.12 m, 237 
wave period being 1.63 s, and water depth being 0.505 m (see Table 1). Fig 2 compares the simulated 238 
wave amplitude with the results obtained from the analytical solution and OpenFOAM at x = 1.0 m 239 
away from the right end of the wave generation zone. As shown in Fig. 2, the wave train computed in 240 
COMSOL is the identical as the linear wave theory (Le Méhauté, 1976) and the wave generation in 241 
OpenFOAM. As shown in Fig. 3, simulated wave amplitude generally agrees with the laboratory 242 
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measurements (Qi and Gao, 2014). Fig. 3 also demonstrates that the numerical model slightly 243 
under-predict the wave troughs.  244 
 245 
3.2. Validation of hydrodynamics around pipeline in steady current 246 
The second validation case of the model is to compare the simulated and measured hydrodynamics 247 
with a boundary flow pasting a pipe placed on a flat porous seabed for embedment depth e = 0 m. 248 
The validation case is sketched in Fig.4. The computational domain is designed with the horizontal 249 
length being 15D and 40D upstream and downstream of the pipe, respectively, and with the height of 250 
10D. The simulated flow Reynolds number (         , where    = flow velocity,    = 251 
kinematic viscosity) is 45,000, while the associated boundary layer thickness (δb) is 1D. Both 252 
surfaces of the pipe and seabed are specified as the wall function boundary conditions.  253 
 254 
The flow-induced pressure around pipe is demonstrated as pressure coefficient, which is defined as  255 
    
    
   
   
 (26) 
where    is the reference pressure,    is flow velocity. The pressure drop coefficient is defined as 256 
            , in which     and     are the pressure coefficients at point A and B, 257 
respectively.  258 
 259 
Fig.5 shows the comparison of simulated pressure coefficients along the seabed surface with the 260 
laboratory measurements Tsiolakis (1982) and numerical results of Liang and Cheng (2005). It is 261 
seen that the simulated seabed surface pressure coefficient by the present model overall agrees well 262 
with the experimental results, demonstrating that the present model can well predict the flow-induced 263 
pressure on the seabed surface in the vicinity of pipeline. Fig. 6 is the plot of the snapshots of 264 
simulated streamlines (Fig. 6a) and pressure coefficient distribution around pipeline (Fig. 6b). Fig. 6a 265 
shows that a large vortex is seen to be generated downstream of pipeline while two small vortices are 266 
formed at the front and lee side of pipeline. Fig. 6b demonstrates that the pressure coefficient 267 
decreases along the flow direction.  268 
 269 
The effect of embedment on pressure coefficient is also simulated and the results are presented in Fig. 270 
7. The experimental results (Chiew, 1990) and numerical results (Liang and Cheng, 2009) are also 271 
plotted in Fig. 7 for comparison. It is seen that the pressure drop coefficient decreases with the 272 
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increase of embedment depth. The comparison also reveals that the numerical model slightly under 273 
predicts the pressure drop coefficient for the middle value of embedment depth. Nevertheless, the 274 
validation shows that the model can accurately predict flow and wave-induced pressure along seabed 275 
surface. This information will be used as the boundary condition of the porous seabed surface 276 
converting wave pressure to pore water pressure in soil model.  277 
 278 
3.3. Wave-soil interaction model  279 
Two laboratory experiments are used to validate the wave-induced dynamic soil response without 280 
pipeline. Wave characteristics and soil properties of these experiments are listed in Table 1. For 281 
details, readers are referred to Liu et al. (2015) and Qi and Gao (2014). The laboratory experiment 282 
carried out by Liu et al. (2015) was one-dimensional cylinder model experiment, measuring the 283 
vertical distribution of pore water pressure. Fig. 8 compares the simulated vertical distribution of 284 
excess pore water pressure with the measurements (Liu et al., 2015). In general, good agreement 285 
between simulation and experiment is obtained.  286 
 287 
The second validation case for wave-soil interaction is the laboratory experiments conducted by (Qi 288 
and Gao, 2014). The experimental parameters can be found in Table 1. Pore water pressure was 289 
measured using sensors at the locations far away from monopole. These measurements are used to 290 
validate the present model for the case of the wave-induced pore pressures without a structure. The 291 
simulated and measured results are plotted in Fig. 9 in which pore pressure is generated by 292 
wave-monopile-seabed interaction at the location of 0.4 m upstream of pile where soil depth is 0.1 m. 293 
In general, simulated pore pressure agrees well with experimental measurements. Some deviation 294 
around wave trough and crest occurs, which may be ascribed to the fact that the regular wave profile 295 
in the laboratory flume may change to Stokes wave during its propagation from wave generator. 296 
What can be inferred from the results is that the phase of pore pressure in a porous seabed 297 
corresponds to the phase of progressive wave above. The validated wave model will be further 298 
developed to form an integrated WSSI model for the simulation of the wave train over a porous 299 
seabed.  300 
 301 
3.4. Wave-seabed-pipeline interaction 302 
The final validation case is the experimental measurements on wave-seabed-pipeline interaction 303 
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carried out by Turcotte et al. (1984). The pipeline was buried in a porous bed with embedment depth 304 
e=0.167 m (see Fig. 1 and Table 1 for experimental details). Fig. 10 shows the comparison of 305 
computed and measured normalised excess water pressure (P0). In general, the numerical results 306 
favourably agree with the experimental measurements. Some discrepancy between the simulation 307 
and measurements is found for the case H= 0.0524 m and T= 0.9 s (see Fig. 10(a)). Similar deviation 308 
shown in Fig. 10(a) is also indicated in Cheng and Liu (1986). Some measurement error may take 309 
place at   45° for case H= 0.0302 m and T= 2.3 s as it does not fit with other measurements. The 310 
overall satisfactory validation indicates that the present model can capture the features of 311 
wave-soil-pipeline interaction. 312 
 313 
4. Applications 314 
The advantage of present integrated WSSI model is that it can be applied to evaluate the flow field 315 
and the relevant wave-induced soil response around a pipeline in a FEM model. This allows us to 316 
investigate the mechanical behaviour of wave-seabed-pipeline interaction for various engineering 317 
practice and applications. As such, a parametric study of wave-seabed-pipeline interaction has been 318 
conducted and the parameters simulated are listed in Table 2.  319 
 320 
4.1 Pipeline mounted on a flat seabed 321 
A submarine pipeline on a porous seabed may experience oscillatory and residual liquefaction. When 322 
liquefaction occurs around the pipeline, it will accelerate the scour and drive pipeline to sink into 323 
seabed or to float to the surface of seabed under the impact of a propagating wave. In addition to the 324 
scour underneath pipeline caused by excessive seepage flow and the corresponding piping (Sumer et 325 
al., 2001); liquefaction may cause soil to lose its carrying capability, thus failing to support pipeline. 326 
The embedment depths of pipeline in the simulation are selected to be 0 m, 1/20 of pipeline diameter 327 
(D), half pipeline diameter, and fully buried as shown in Fig. 11. The criterion suggested by Zen and 328 
Yamazaki (1990) for identifying the liquefaction zone under a 2D progressive wave is adopted here, 329 
which is:  330 
                          (27) 
where    is the unit weight of seabed,    is the unit weight of water,    is the pore pressure on 331 
the mud-line where      . It can be noted that when the excessive pore pressure exceeds the 332 
overburden soil pressure liquefaction may take place in a porous seabed. 333 
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 334 
The liquefaction zones of four different embedded depths below pipeline are displayed when wave 335 
trough is over pipeline in Fig. 11, where the value of vertical and horizontal axis are normalised by 336 
soil depth and wavelength respectively. The green area around pipeline is the wave-induced liquefied 337 
zone. It is clearly seen that the transient liquefied depth (Ld) under pipeline decreases with the growth 338 
of embedded depth and even vanishes below the bottom of pipeline when pipeline is fully buried, 339 
demonstrating that a fully buried pipeline with sufficient embedment depth may avoid sinking or 340 
floating by the potential liquefaction. 341 
 342 
Fig. 12 presents the wave-induced lee-wake vortex and liquefaction zone in the proximity of pipeline 343 
over one wave period. The flow visualization results of vortex structure of Sumer et al. (2001) is also 344 
plotted for comparison. In Fig. 12, green vector field below the mudline (i.e.,            = 0) 345 
indicates soil displacement field, blue vector field over zero represents the flow velocity field and the 346 
dashed lines are the liquefaction depth. The comparison of wave-induced flow field around the 347 
pipeline between Sumer et al. (2001) and the present model presented in Fig. 12 demonstrates that 348 
the present integrated WSSI model qualitatively predict the evolution of vortex motion due to the 349 
existence of pipeline interacting with local environmental flow. Through a wave period, lee-wake 350 
vortex is well developed in the neighbourhood of pipeline as wave crest and wave trough are passing 351 
above, respectively. After that, the former vortex vanishes and a new vortex is generated 352 
simultaneously as shown in Fig. 12 (b) and (d). Mao (1987) showed that the vortices formed in the 353 
upstream and downstream of the pipeline were one of the main factors to transport sand particles 354 
away from the foundation of pipeline, leading to the onset of scour around pipeline. The vortex 355 
formed at the lee side may move more soil particles away from the pipeline and has a direct impact 356 
on the stability of pipeline. When a wave trough passes above the overburden soil, pressure vanishes, 357 
making soil lose its carry capacity. In this situation, the pipeline tends to float to seabed surface or to 358 
sink into seabed if liquefaction occurs.  359 
 360 
The liquefaction zone varying with the different embedment depth together with the detailed vortex 361 
structure and soil displacement in the vicinity of pipeline under wave trough is shown in Fig. 13. As 362 
discussed in Fig. 11, the maximum depth of liquefaction zone beneath pipeline decreases with the 363 
increase of embedment depth and the vortex structure induced by wave propagation diminishes when 364 
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embedment depth advances. The disappearance of vortex may decrease the possibility of the onset of 365 
scour around pipeline, where massive movement of the soil particles can be avoided.  366 
 367 
4.2 Trenched pipeline  368 
How to protect an offshore pipeline is one of the significant issues in offshore pipeline engineering. 369 
Generally speaking, to place a submarine pipeline inside a trench is an effective approach to protect 370 
pipeline being damaged from fishing activity and oceanic loads (e.g. current and wave action). The 371 
stability of pipeline is significantly affected by the appropriate backfilled depth. The present 372 
integrated WSSI model is applied to investigate the mechanism of dynamic seabed response and the 373 
flow field around a trenched pipeline. The scenarios investigated include fully and partially 374 
backfilled pipeline, and pipeline in an open trench. The parameters simulated are listed in Table 2. In 375 
general, the backfilled material for covering the pipeline can be the rocks carried from the adjacent 376 
shoreline. However, in offshore engineering, the backfilled material is mostly taken from the 377 
excavation of the seabed during trenching. Accordingly, the characteristics of backfilled soil are 378 
similar to or exactly the same as the soil around trench. 379 
 380 
The wave-induced oscillatory liquefaction zones with manifold backfilled depths are shown in Fig. 381 
14. It can be noted that liquefaction depth around pipeline decreases with the increase of the 382 
backfilled area thickness. Palmer and King (2008) suggested that a pipeline buried with backfilled 383 
soil is much better protected than a pipeline inside an open trench. However, as indicated in Zhao et 384 
al. (2014) and Zhao and Jeng (2014), a pipeline is better protected in the context of the backfilled 385 
depth up to about 1.375D for accumulated liquefaction rather than fully backfilled pipeline. From the 386 
view of oscillatory liquefaction, partially buried pipeline is not fully protected since its liquefied 387 
depth is far below pipeline compared with the other fully backfilled cases. As indicated in Fig. 14 388 
and considering to limit the influence of soil liquefaction for the safety operation of pipeline, the 389 
moderate backfilled depth is considered to reach seabed surface or even up to one diameter of 390 
pipeline over seabed surface in order to restrict the maximum depth of liquefaction zone over the 391 
bottom of pipeline. The layout with enough backfilled layer can eliminate the vortex and scour 392 
produced around pipeline and protect the pipeline from the transient liquefaction threat. 393 
 394 
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5. Conclusion 395 
A new fully integrated WSSI model for evaluating wave-induced excess pore pressure around 396 
pipeline has been presented in this study. The RANS equations are used to describe the ocean wave, 397 
while the quasi-state Biot’s equations govern the dynamic response of the seabed under the wave 398 
actions. All these governing equations are solved in a FEM software of COMSOL Multiphysics with 399 
a monolithic solver, which combines and solves two different groups of governing equations into a 400 
considerable stiffness matrix. The fully integrated model is verified using four different cases, 401 
including the wave model verification and three laboratory experiments. Good agreement between 402 
simulation and measurements indicate that the proposed model can be applied to predict the 403 
mechanism of wave-seabed-pipeline interaction. The advantages of the present integrated WSSI are: 404 
(1) the complex wave-induced vortex around pipeline can be simulated; (2) the wave motion and the 405 
dynamic response of porous seabed in the proximity of trenched pipeline can be determined 406 
simultaneously. The following conclusions can be drawn from the study:  407 
 08 
(1) The presented WSSI model is capable of predicting= wave-induced dynamic soil response and 409 
potential liquefaction zone in the vicinity of partially or fully buried pipeline.  410 
 411 
(2) The simulation shows that sufficient embedment can avoid the lee-wake vortex occurring in the 412 
upstream and downstream of pipeline. This can significantly decrease the possibility of the onset 413 
of scour in the footing area of pipeline. The maximum transient liquefaction depth beneath the 414 
bottom of pipeline diminishes and even vanishes with the increasing embedded depth with a 415 
propagating wave above. 416 
 417 
(3) Partial burial may be not the best choice to protect pipeline from the point of view of soil 418 
liquefaction threat in terms of transient liquefaction. The limited cover layer thickness cannot 419 
eliminate the impact of wave-induced vortex around pipeline and effectively control the 420 
maximum oscillatory liquefaction depth (Ld) below pipeline. The vortex in the vicinity of a 421 
trenched pipeline may transport the soil particles away from the protection area and generate 422 
scour hole eventually. Under certain conditions, the sufficient thickness of backfilled depth can 423 
fully prevent the porous seabed being liquefied and the soil particles being transported by flow 424 
vortex in the vicinity of pipeline. The study suggests that the thickness of cover layer up to the 425 
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seabed surface or one diameter of pipeline over seabed surface ensures the soil within a porous 426 
seabed to maintain its carrying capacity and effectively support the pipeline to be away from the 427 
liquefaction zone. 428 
 429 
The limitations of the present model are: (1) the wave-induced accumulated seabed response and 430 
onset of scour cannot be simulated; and (2) the present model is limited to a 2D mode due to the lack 431 
of 3D wave model in COMSOL. 432 
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 Experiments 
  
(m) 
  
(s) 
   
(m) 
  
(N/m
2
) 
   
  
(m/s) 
      
   
(m) 
Jacobsen et al. (2012) 0.12 1.63 0.505 0 0 0 0 0 0 
Qi and Gao (2014) 0.12 1.4 0.5 1×10
7
 0.3 1.88×10
-4
 0.4353 1.0 0.5 
Liu and Jeng (2013) 3.5 9 5.2 1.27×10
7
 0.3 1.8×10
-4
 0.425 0.996 1.8 
Turcotte et al. (1984)  
0.0524 0.9 0.533 6.4×10
5
 0.33 1.1×10
-3
 0.42 0.95 0.826 
0.143 1.75 0.533 6.4×10
5
 0.33 1.1×10
-3
 0.42 0.95 0.826 
0.0302 2.3 0.533 6.4×10
5
 0.33 1.1×10
-3
 0.42 0.95 0.826 
   (m)   (m)  (m)       
0.826 0.167 0.168       
 
Table 1
 Wave characteristics       
Wave height(m) 5 Wave period (s) 8 
Water depth (m) 20 Wave length (m) 88.73 
Seabed characteristics       
Seabed thickness (m) 40 Poisson ratio 0.4 
Shear modulus (Pa) 1.5×10
7
 Permeability (m/s) 1×10
-5
 
Degree of saturation 0.98 
  
Backfill soil characteristics       
Shear modulus (Pa) 1.5×10
7
 Permeability (m/s) 1×10
-3
 
Trench bottom width (m) 3 Trench slope angle (°) 30 
Trench depth (m) 3 Degree of saturation 0.995 
Pipeline characteristics       
Diameter (m) 1 Buried depth (m) 2 
 
Table 2
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(a) Streamlines
(b) Contour of pressure coefficient
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Figure 8
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Figure 9
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(a) H = 0.0524 m and T = 0.9 s (b) H= 0.143 m and T = 1.75 s
(c) H= 0.0302 m and T = 2.3 s
Figure 10
(a) Embedded depth: 0 m
(b) Embedded depth: 0.05D
(c) Embedded depth:0.5D
(d) Embedded depth: one diameter
Figure 11
(a) Wave crest over pipeline
(b) After wave crest
(c) Wave trough over pipeline
(d) After wave trough
Figure 12
(a) Pipeline positioned on a flat seabed (b) Embedment depth up to 0.05D
(c) Embedment depth up to 0.5D (d) Embedment depth up to one diameter
Figure 13
(a) Pipeline inside an open trench without backfilled 
layer
(b) Backfilled depth up to half diameter of pipeline
(c) Backfilled depth up to one diameter of pipeline (d) Fully Backfilled to seabed surface
(e) Fully backfilled to one diameter of pipeline over 
seabed surface
Figure 14
Fig. 1 Sketch of wave-seabed-pipeline interaction 
 
Fig. 2 Comparisons of wave model in COMSOL and wave model in OpenFOAM and 
analytical solution 
 
Fig. 3 Comparisons of wave model in COMSOL and wave model in OpenFOAM and 
experimental results 
 
Fig 4 Sketch of hydrodynamics of pipeline in a steady current 
 
Fig 5 Pressure coefficient distribution along the seabed surface at both sides of 
pipeline with e/D = 0, Re = 45,000, and δb = 1D. 
 
Fig 6 Numerical flow predication around pipeline with e/D = 0, Re = 45,000, and δb = 
1D. (a) Streamlines; (b) Distribution of pressure coefficient. 
 
Fig 7 Variation of △Cp0 with e/D, Re = 10,000, and δb = 10D 
 
Fig. 8 Comparison of the simulated and measured veritcal distribution of excess pore 
water pressure 
 
Fig. 9 Comparison of simulated and measured time history of pore pressure at hs= 0.1 
m for progressive wave over a porous seabed 
 
Fig. 10 Comparison of pore pressure around pipeline with experimental results 
(Turcotte et al., 1984) 
 
Fig. 11 Liquefaction zone (above the dashed line) of various embedded depth beneath 
the pipeline 
 
Fig. 12 Simulated (left) wave-induced vortex around pipeline and liquefaction zone 
(above the dashed line) during one wave period compared with the measured vortex 
(right) (Sumer et al.,2001) 
 
Fig. 13 Liquefaction zone (above the dashed line) and wave-induced vortex for 
different embedment depth under wave trough 
 
Fig. 4 Liquefaction zone (above the dashed line) of various backfilled depth 
Figure captions
